Abstract. The purpose of this study was to examine the feasibility of using irreversible electroporation (IRE) as a non-chemical method for eliminating microorganisms of liquid drugs. The studied drug was a topical ophthalmic medication, a pharmaceutical field in which the problem of microbial contamination has not yet been adequately solved, especially in the case of eye drops prescribed for chronic use. Commercially available Hylo-Comod® preservative-free eye drop solution was subjected to contamination with Escherichia coli bacteria (10 6 colony forming units/mL). Electroporation parameters for bacterial control were investigated by comparing the effects of electrical fields of 5.4, 7.2, and 10 kV/cm, delivered as 100-µs square pulses at 1 Hz in sequences of 10 pulses, 20 pulses, or 20 pulses delivered as four sets of five pulses with 1-min intervals between each set. Microorganism survival after treatment was determined by pour plate counting. Effects of the treatment parameters on temperature and pH were recorded. Bacterial survival was lowest (0.14%±0.03%) after application of 20 pulses delivered as four separate sets. With that application mode, the solution remained at pH 7.5 and the temperature rose to 35.6°±0.2°C. Because IRE can be efficiently delivered under conditions that avoid the potentially deleterious effects of electrical pulses on temperature and pH, it appears to be a feasible method for bacterial control of drugs in solution. The principles established in this study can be applied to any drug in solution and optimized individually according to the solution's composition.
Contamination of liquid drugs can have substantial detrimental effects on the health of patients using drugs (1, 2) , necessitating the addition of preservatives in many pharmaceutical preparations. A particularly significant problem is the presence of preservatives in pediatric vaccination and the possible association with neurodevelopmental disorders such as autism (3, 4) . While this association is highly controversial, eliminating the need for preservatives in the vaccination will serve to allay the apprehension among parents and may increase the use of vaccinations. We focus here on the contamination of topical ophthalmic medications. The problem of infections engendered by microorganisms in eye drops has not yet been adequately solved and is especially troublesome when eye drops are used chronically for many years, as in glaucoma patients. In addition, patients who suffer from dry eyes and do not use the more expensive single-unit dose preparations are exposed to similar risks of infection, as are contact lens users. The problem of contamination can also arise in cases of acute eye drop treatment spanning days or weeks.
The prevalence of bacteria in anti-hypertensive glaucoma drops in the community setting has been documented in a number of studies. Geyer et al. found bacteria in more than 28% of in-use topical medications (bottle tips and drops) of 109 treated glaucoma patients (5) . The contamination rate was significantly related to the time since the container was first opened; bacteria were detected in 40% of eye drops from bottles that had been opened more than 8 weeks earlier compared to 19% in bottles in use for less time. Similar findings were reported by Schein et al. (6) in drops used by patients suffering from ocular surface diseases. Lower rates (12.8% and 12.9%) have also been reported (7, 8) . The high contamination rate is not surprising given the way in which eye drop containers are handled by patients. More than half of all elderly patients in one study were found to touch the eyelid or conjunctiva with the container, undoubtedly causing the solution to become infected by flora of the skin and conjunctiva (9) . In contrast, a much lower contamination rate (2.3%) was measured in drops used by medical personnel in a clinic (10) .
Growth of microorganisms in ophthalmic medications can be reduced to some extent by adding preservatives to the solution, typically benzalkonium chloride (BAK). However, since the contamination rates cited above were found in eye drops that contain preservatives, their presence obviously does not solve the problem. Moreover, all preservatives have considerable side effects, particularly when the medications are used on a chronic basis. BAK, which is used in most topical ophthalmic preparations, harms the surface of the eye and probably accounts for the finding that well over half of treated glaucoma patients suffer from symptoms and signs of dry eyes (11) . This compound can actually be used to induce inflammation when producing a dry eye model in rabbits (12) . Not only does BAK damage the superficial eye tissues but its chronic administration apparently also harms the trabecular meshwork and thus may counteract the anti-hypertensive ocular drugs in which it helps control the bacterial load (13) . Newer preservatives might be less injurious to the eyes than BAK, but they too are not free of complications (14) , and they have not been in use long enough for their possible effects to be precisely determined. As expected, preservativefree medications seem to produce the least complications (15) . One possible way to overcome the problem might be through the use of eye drops packaged in single-unit dose containers. These, however, are expensive and are not generally used for the glaucoma drugs financed by health maintenance organizations. Furthermore, many elderly patients find the containers difficult or impossible to manipulate properly (9) .
Clearly, then, it is important to find a non-chemical, practical method of bacterial control in liquid fluids in their delivery containers. Accordingly, the aim of this study was to examine the feasibility of using irreversible electroporation (IRE) as a method for controlling bacterial contamination in liquid drugs. Electroporation is a physical phenomenon in which a cell membrane becomes permeabilized by application of short (microsecond-scale) electrical pulses across the living cell. The mechanism presumably operates by forming nanoscale defects in the cell membrane. The overall effect of the electrical pulses is a function of various pulse parameters such as pulse length, pulse amplitude, and number of pulse repeats. These parameters determine whether the cell membrane will remain intact or will become permeabilized, either reversibly (reversible electroporation) or irreversibly (IRE). The nature of both reversible and irreversible electroporation, and their uses, most widely in the food industry, are well documented and have been comprehensively reviewed in the scientific literature (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) .
We postulated that IRE can be used as a means of bacterial control in fluid drug containers, either for the whole volume or during the passage of fluid into and out of the container. The issues to be addressed when treating drugs by IRE are different from those documented in the case of foods. With drugs, the volume of the solvent is significantly smaller, its ionic content is proportionately much larger (25) , and the solution conditions after IRE [in particular temperature and pH (25, 26) ] should remain unchanged to avoid their potentially undesirable effects on the drug. These issues are addressed in this preliminary study on the use of IRE in bacterial control in liquid drugs. We first studied the effects of IRE in a liquid ophthalmic preparation and at a volume typical of eye drop containers. We next investigated what are the IRE pulse modes capable of maximal reduction in bacterial contents of the solution in these small containers without substantially affecting its temperature. Finally, we examined the effects of the IRE pulses on the pH of a small volume of solution.
METHODS

Experimental Protocol
The procedure developed here was intended for domestic use by patients; thus, it was necessary to investigate the possibility of using much weaker electric fields than those routinely used for IRE in the food industry. Our earlier studies (27, 28) showed that this can be accomplished using larger number of pulses delivered in groups. In the present study, therefore, we gradually increased the electrical field strength while also varying the numbers of pulses and their modes of delivery. Before applying the different sets of pulses, we employed our previously developed first-order mathematical analysis of the temperature increase during IRE (27) in order to eliminate a priori any parameters that might produce an undesirable increase in temperature. Effects of the treatment parameters on temperature and pH were monitored. The end point of each experiment was the measurement of cell viability, temperature, and pH. All experiments were repeated five times.
Pharmaceutical Preparation
The preparation used in this study as a model for a preservative-free liquid solution was a commercially available sodium hyaluronate 0.1% eye drop solution (Hylo-Comod®; Ursapharm, Arzneimittel GmbH, Industriestrasse, D-66129, Saarbrucken, Germany).
Microorganisms
Escherichia coli tetracycline-stable bacteria were kindly provided by the laboratory of Dr. Y. Tzfati, Alexander Silberman Institute of Life Sciences, Hebrew University, Jerusalem. Microorganisms were cultured by transferring the organisms from Luria-Bertani (LB) agar plates to 500 mL of LB Miller broth (Sigma-Aldrich, Israel), which was agitated in a temperature-controlled incubator at 37°C until a concentration of 10 8 colony forming unit (cfu)/mL was obtained.
Electroporation
After adding 5 µL of the culture preparation to 1 mL of eye drops, we diluted the drops tenfold to a final concentration of 10 6 cfu/mL. We then placed 80-µL aliquots of the diluted drops in a 1-mm gap electroporation cuvette (model 610; BTX, San-Diego, CA, USA) and subjected them to electroporation by a BTX ECM830 square-wave electroporator. To establish the parameters for bacterial control at 1 Hz, we compared the effects of electrical fields of 5.4, 7.2, and, 10 kV delivered as 100-µs unipolar rectangular pulses at 1-s intervals. Three sequences of delivery of 10 kV/cm were examined: (a) 10 pulses, (b) 20 pulses, or (c) 20 pulses delivered as four sets of five pulse sequences with 1-min intervals between sets.
Immediately after electroporation, we measured both the temperature and the pH of the solution. Temperature was measured in the cuvette using a Neoptix Reflex® signal conditioner with a 0.7-mm probe covered with polyimide (Neoptix, Québec,Canada). 
Microorganism Viability Test
Live bacteria were counted by the pour plate method. After electroporation, the solution was diluted tenfold in Dulbecco's phosphate-buffered saline (Biological Industries, Kibbutz Beit Ha-Emek, Israel) to eliminate effects of the eye drop contents on cell growth (29) . Samples (100 µL) of each of the tested solutions were plated in duplicate on LB-Miller agar plates supplemented with tetracycline and incubated at 37°C for 18 h. Cells were counted in an MRC colony counter model 570 (MRC, Holon, Israel). Figure 1a , b shows the effects of the number of IRE pulses, as well as the sequence in which they are delivered, on microorganism survival and solution temperature, respectively. The results are for an electrical field of 10 kV/cm and the pulse sequences are (a), (b), and (c) as described in "Experimental Protocol". Doubling the number of pulses from 10 to 20 reduced the percentage of microorganism survival by more than tenfold, from 4.33±1.26% to 0.37± 0.07% (Fig. 1a) . Doubling the number of pulses increased the sample temperature by only 3°C from 32.7±0.7°C to 35.6± 0.2°C (Fig. 1b) . Altering the delivery sequence of the 20 pulses from continuous (b) to four discrete groups of five (c) resulted in an additional threefold decrease in microorganism survival, from 0.37±0.07% to 0.14±0.03% (Fig. 1a) . However, there was less increase in temperature than when ten pulses were delivered continuously (Fig. 1b) . In all experiments, samples maintained the same pH (7.5) after treatment as in the untreated control. Figure 2a , b shows the effects of field strength on microorganism survival and solution temperature, respectively. Shown are the results for a sequence of 20 pulses of 5.4, 7.2, and 10 kV/cm, all delivered at a frequency of 1 Hz. Increasing the field strength from 5.4 to 10 kV/cm caused a reduction of more than 100-fold in microorganism viability, i.e., from 53.49± 3% to 0.37± 0.07%. The difference in temperature between the highest and lowest field was about 6°C, and the highest temperature did not exceed 35.6±0.2°C. In all experiments, samples maintained the same pH (7.5) after treatment as in the untreated control.
RESULTS
DISCUSSION
The results of this feasibility study demonstrate the ability of irreversible electroporation pulses, applied at certain electrical parameters, to reduce the bacterial contamination of topical ophthalmic preparations to acceptable levels without the need for chemical preservatives and without substantially raising the temperature or changing the pH of the solution. We anticipate that one possible application of the concept of microorganism control by IRE will be as a system for use by patients at home. By plotting the effects of electrical fields against the efficacy of the bacterial control process, we found that the effect is not linear and that by increasing the electrical field strength, it is possible to increase the efficacy of the electrical pulse. For example, increasing the electrical field strength from 5.4 to 10 kV/cm decreased the microorganism survival by two orders of magnitude.
Our results further showed that the number of pulses and their sequence of delivery strongly affect the efficacy of IRE in bacterial control. Increasing the number of pulses by a factor of 2 decreases microorganism survival by one order of magnitude. As an example, survival decreases from 4.33± 1.26% to 0.37±0.07% when the number of pulses is increased from 10 to 20. In a previous study using eukaryotic cells (27) , our group showed that the efficacy of IRE can be significantly increased by using the same number of pulses but delivering them in groups separated by certain time intervals. In the present work, we tested this concept for the control of microbial contaminants. IRE with 20 pulses of 10 kV/cm, delivered at a frequency of 1 Hz, increased microorganism destruction such that bacterial survival was reduced to 0.37± 0.07%. When these 20 pulses were delivered in four groups of five pulses with 1-min intervals between them, microorganism survival was further decreased to 0.14±0.03%, i.e., by a factor of almost 3. We found that by investing the same amount of electrical energy and without changing any device settings, we achieved a significantly higher degree of inactivation. To the best of our knowledge, this is the first report of such effective microbial inactivation not only in the pharmaceutical field but also in water and in food. It is therefore of considerable importance because it also suggests a way to significantly increase the energetic efficacy of IRE systems for bacterial control in the food and water industries where such efficacy is a crucial requirement for process acceptability.
Our results can be explained by invoking current electroporation theory (16) , which suggests that the formation of pores is a stochastic process that is dependent on the electrical field. Therefore, increasing the number of pulses increases the probability of pore formation by IRE, and increasing the field strength increases the numbers and sizes of the pores that form. Electroporation-induced formation of pores in the cell membrane is a dynamic process in which pores form, increase in size, and then decrease. The time taken for pore formation is measured in microseconds, whereas for pore closure, it is orders of magnitude longer. Therefore, it is possible that IRE can be made more efficient by increasing the electrical field strength and by optimizing the choice of delivery and of the numbers and sequences of pulses in order to achieve the desired level of reduction in bacterial load without increasing the temperature or changing the pH. Knowing that bacterial control of this type is possible and that many parameters can be exploited to optimize performance makes IRE a promising method for the bringing the bacterial load of drug solutions to acceptable levels under a variety of conditions.
If the temperature rises during the delivery of IRE pulses, it could become high enough to induce undesirable chemical changes in the drugs. The increase in temperature after 20 sequential pulses, for example, was from 26°C to 35.6±0.2°C. This suggests that if a harmful increase in temperature is to be avoided, there is an upper limit to the number of pulses that can be delivered safely. It was therefore encouraging to find that the most significant decrease in microbial load was achievable by delivering the 20 pulses in four separate sets of five pulses each and that the temperature increase (from 26°C to 32.7±0.7°C) in that case was the lowest obtained in this study. This finding points to new ways of designing optimal IRE protocols that can avoid any undue increase in temperature. Sale and Hamilton (22) demonstrated successful inactivation of microorganisms with IRE as long as 40 years ago. Subsequent studies showed that IRE can be used to destroy various microorganisms in different liquid solutions (25, 26) and fluid type (26) . Microbial inactivation for specific pathogens can be predicted by models (26) based on principles of chemical reaction kinetics (30) (31) (32) . These models are still at an empirical stage because the nature of the processes that occur on the membrane during and after application of strong electric pulses is not yet fully understood (16) . It is thought that the pores formed during electroporation cause the release of intracellular content, changes in intracellular homeostatic conditions, and osmotic swelling followed by cell death (26) . Electroporation is reversible under certain conditions because of the ability of pores to reseal (33) . A possible explanation for our findings might be related to the mathematical expression derived by Saulis (34) and previously observed experimental work (33) (34) (35) . According to those studies, the moderate increase in temperature (35.6±0.2°C) that was produced after we applied the 20 consecutive electrical pulses should facilitate pore sealing, while the smaller temperature increase we obtained when we delivered the 20 pulses in four sets should stabilize the pores, thereby increasing the cell death rate (26) . The dependence of pore sealing rate on temperature might explain, at least in part, the threefold differences in rates of microorganism survival in our experiment when we applied 20 consecutive pulses (and obtained a final temperature of 35.6±0.2°C) compared to application of the 20 pulses in four groups 1 min apart (final temperature 31.9±0.3°C). The observed differences might be further explained in terms of the asymmetric distribution of large and small pores relative to the anode/ cathode. Smaller pores, which seal more readily, occur mostly at the anode side, and larger pores mostly at the cathode side (36) . Application of all 20 pulses in one set might trigger such asymmetry. When the pulses were applied in several sets, however, the microorganisms may have had the opportunity to mix and change the polarization site so that the distribution of large and small pores was symmetrical, causing more large pores to appear and thus leading to an increased rate of leakage.
During IRE treatment, the electric potential is applied on one of the electrodes and the second electrode is grounded. During the pulsed voltage application, a current flows in the liquid solution and both oxidation and reduction reactions occur on the electrodes. The electrochemical aspects, as well as theoretical ways of determining the maximum allowable pulse time, are critically dependent on the electrode material, as discussed elsewhere (18, 26) . Here, we applied a pulse length of 100 µs and immediately afterward removed the sample from the treatment chamber in order to avoid metal release or any additional reactions related to the electrodes. In all of our experiments, the pH of each treated sample (7.5) was the same as that of the untreated control. However, if the drug in the solution is affected by pH, it will be important to design optimal IRE electroporation protocols that will avoid such changes. One possible measure in that case might be to use alternatingcurrent IRE, as recently described (37) .
CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS
The results of this study support the feasibility of using IRE for bacterial control of drugs as an alternative to the use of chemical preservatives. The dose responses studied showed that it is possible to find electroporation parameters that can reduce the bacterial load of liquid drugs sufficiently without producing a substantial rise in temperature or change in pH.
Acceptable reduction in microbial contamination of eye drops and other fluid medications by IRE is expected to be applied at the application site, especially at patients' homes, using a device which will deliver the necessary pulse to the solution as often as required. Electricity can be supplied to the device from the mains or, since the power consumption is low, from batteries. The IRE pulse can be actuated on a predetermined time schedule, manually by the user or automatically when the container is removed from the device.
Thus, the medication can be kept continuously with acceptable bacterial load after the container is opened. Consequently, bacterial control by IRE seems to be potentially superior to control by preservatives in efficacy as well as in eliminating the preservatives' side effects. Furthermore, it may extend the usage time of eye drops after the bottle is opened.
The present work is only preliminary and much research remains to be done to establish whether all drugs can be thus treated by IRE as the current may decompose drug molecules, especially charged ones. Furthermore, the applicability of the method and the optimal parameters for each specific combination of the various solutions, drugs, containers, and specific microorganisms such as pseudomonas and fungi species should be separately evaluated. The results should be compared to traditional bacterial control methods and the long-term effects of this novel procedure should be determined.
